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Summary
T cell receptors (TCRs) and immunoglobulins (Igs) derive a large fraction of their repertoire
from diversity generated at the junctions of the V, D, and J coding segments. This diversity
is derived both from the random deletion of nucleotides from the ends of coding regions and
from the subsequent addition of nontemplated N region nucleotides. While the vast majority
of TCRs and Igs from adult mice have N regions, <5% of both TCR-y/b and Ig from fetal
and neonatal mice have N regions. This study analyzed the ontogeny ofjunctional diversity of
TCRa//6 Genomic DNA or Cß-primed cDNA was prepared from thymocytesofmice at varying
stages in ontogeny, and the rearranged Vß8 or Vß5 sequences were amplified by polymerase
chain reactions. Sequencing of the Vß-DßJß junctions showed few N regions early in ontogeny,
although the fraction of sequences with N regions exceeded that.previously reported for Ig and
for TCRy/& N regions were found in 13% of Vß junctional sequences from day 18-19 fetal
thymocytes, 33% ofsequences from newborn thymocytes, 76% ofsequences from day 4 postnatal
thymocytes, and 88% of sequences from 5-wk-old thymocytes. In addition, nonrandom usage
of the Dß and Jß segments was observed in both fetal and adult TCR sequences. While the
usage of each of the sixJß2 segments was different, the same pattern of usagewas seen regardless
of whether Dß1 or Dß2 was used, suggesting that a factor controlling the rate of usage of
each J segment is intrinsic to the J gene itself. Since TCRs derive so much of their diversity
from N regions, the relative paucity of N regions in fetal a/ß T cells would create a fetal TCR-
a/ß repertoire that would be quite different from, and smaller than, the adult repertoire. The
lack of N regions might be predicted to limit the range of affinities of TCR-MHC + peptide
interactions, which may have important consequences for positive and negative selection of fetal
and newborn T cells.
T
he three types of lymphocyte antigen receptors (Ig,
TCR-(x/ß, and TCR-y/b) are each heterodimers whose
variable regions are encoded by somatically recombined gene
segments. To obtain their vast repertoire, T cells and B cells
use the same mechanisms of combinatorial and junctional
diversity (1-3). Combinatorial diversity is derived from the
large number of V, D, and J gene elements used to create
the variable regions, and from the random association of the
two chains to make a complete receptor. Additional diversity
is generated at thejunctions of these gene segments during
somatic recombination by two mechanisms. First, there is
deletion of a variable number of nucleotides from the ends
of the coding segments. Second, there is addition of a vari-
able number of N region nucleotides to the junctions of the
IgH chain and all junctions of the TCR before ligation of
the DNA. The N region nucleotides are nontemplated and
are thought to be added by the enzyme terminal deoxy-
nucleotidyl transferase (TdT)' (4-7). functional diversity is
' Abbreviations used in this paper: RSS, recombination signal sequence; TdT,
terminal deoxynucleotidyl transferase.
even more important in generating the total diversity in the
TCR repertoire than in the Ig repertoire, since combinato-
rial association alone leads to a much smaller repertoire for
T cells than B cells, and since all TCR junctions can have
N regions, whilelight chains of Ig do not have N regions (3).
T cells are subdivided into two lineages on the basis of
which type of TCR they use. T cells with TCR-y/b arise
first in ontogeny, but are soon outnumbered by a/ß T cells,
the predominant T cell type in the adult (8). Fetal y/b T
cells, and some oftheir adult progeny, do not have N regions
in their receptors (9-11), and IgH chains from fetal and new-
born B cells also are devoid ofN regions (12, 13). Since adult
levels of TdT are not reached in the thymus until -1 wk
ofage (14, 15), and since a/ß T cells are the most predomi-
nant T cell type in the mouse thymus by day 18 of gestation
(8), this study addressed the question ofwhether a/ß T cells,
like y/b T cells and B cells, would express few N regions
in their receptors early in ontogeny. The results show that
this is the case, although the frequency ofjunctions with N
regions is higher than is observed in TCR-y/b and Ig for
age-matched mice. It has been proposed that the complemen-
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the TCR-a/R (which are composed of all thejunctions, all
of the D region in the (3 chain, and part of the J region)
are mainly responsible for interacting with antigenicpeptides
(3, 16). The paucity of N regions in fetal/newborn ci/0 T
cells will restrict the diversity in CDR3, and will therefore
limit the fetal T cell repertoire.
Materials and Methods
Mice.
￿
BALB/c mice were bred at Medical Biology Institute.
Fetal thymuses were obtained from timed pregnancies, with day
0 being the day that a vaginal plug was observed. The newborn
mice were used within 24 h of birth. At least five mice from a
litter were pooled for the fetal and newborn samples. Each litter
wasprepared as a separate sample. Youngadult thymus RNA was
obtained from apool oftwo 5-wk-old mice,andyoung adult spleen
RNA was prepared from apool of two different 5-wk-old mice.
RNAandcDNA Preparation.
￿
Totalcellular RNAwasextracted
from thymuses by the guanidinium thiocyanate/cesium chloride
method (17), andcDNA was prepared as previously described (12,
18) with a C/3 primer. DNA was prepared by the freeze-thaw
method previously described (12).
PCR Primers. All oligonucleotide primers were made by
Genosys (The Woodlands, TX). Initially, a Chi primer (5'-CAT
AGAATTCCACTTGGCAGCGGAAGTGGT, kindly provided by
Dr. Daniel Gold, La JollaInstitute of Experimental Medicine, La
Jolla, CA) that wascomplementary to a sequence in thethirdexon
of Co was used. Later experiments used a CO primer (5'-GGG-
TGAATTCACATTTCTCAGATC) that ended three nucleotides
from theJ/Cjunction. TheseCO primerswere used both forcDNA
synthesisand for subsequent PCR, andboth contained an EcoRl
site. The T V08 PCR primer (5'-CGACAAGCTTTGGTATCG-
GCAGGAC) has a HindIII site and is homologous to the three
V08 genes (19). The 5' V05 PCR primer (5'-TCAGAAGCTT
CTGGGGTTGTCCAG) also contains a HindIII site, and is ho-
mologous to the twoV05 genes(19). GenomicDNAwasamplified
with anested VQ primer setandaprimer complementary toJ02.6.
The external V08 primer was (5'-GAGGAAAGGTGACATTG-
AGC), andtheinternal primer wastheVj68 primer describedabove.
For V105, the primer listed above was the external primer, andthe
internal primer was (5'-GAAGAAGCTTCCCATCTCTGGACA) .
TheJf2.6 primer was (5'-GCCTGAATTCGGGACCGAAGTA) .
PCR Amputation andSequencing.
￿
PCRamplification, cloning,
andsequencing wasperformed as previously described(12, 18)with
thefollowingexceptions. Annealingtemperature forthe PCRwas
60-64°C. Forgenomic DNA, 35 cycles ofamplification were per-
formed using the external V08 primer and the Ja2.6 primer. 15
P,1 of that primary PCR was directly added to a secondary PCR
with the internal V08 primer and the Jf32.6 primer, and was
amplified for 30 cycles. The amplified DNA was then processed
as previously described (12).
Results
Analysis offunctional Sequences and Choice ofPCR Primers.
Analysis ofjunctional sequences requires knowledge of the
complete germline sequence of the V, D, or J gene segment
up to the heptamer of the recombination signal sequence
(RSS). The germline sequences of the D/3 andJ/3 segments
areknown (20-22), butnotallV(3 genes are sequenced. The
three-member V08 gene family hasbeen sequenced (19), and
is used in -25%D of TCR' tbymocytes and peripheral T
cells (23). Additionally, to assess the generality of the data,
a small number of sequenceswere generatedusingV05-specific
primers. The two functional Vfl5 genes are also sequenced
on the genomic level, and are used in 8% of thymocyte 0
chain transcripts (19, 24). The use of both V08 and V05
primers should sample a significant proportion of the TCR
repertoire.
N region nucleotides were definedas any nucleotides that
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Figure 1.
￿
Sequences of V/3DS-JO
junctional regionsfrom thymocytes of
5-wk-old mice. functional antibodies
that couldbe encoded by Pregions(11)
are listed under the Pv, Pd, or Pj
columns. Nucleotides that couldbe en-
coded by either of two adjacent germ-
line genes(including P dinucleotides as
extensions of the germline gene se-
quence) arelisted in parentheses in the
more 5' location.The3' endoftheV07
sequence is the consensus from these-
quences that we obtained in this study,
andthereforeis only an estimate of the
germline sequence. N region nucleo-
tides arewrittenin bold type. Sequences
that result in theV region being out-
of-frame with theJregion areindicated
by an asterisk after thesequence num-
ber.D region sequences that cannotbe
definitively assigned to DSlor D02are
indicated by a double asterisk. The
number ofnucleotides deletedfrom the
J(3sequence proper (i.e., notincluding
Pregion dinucleotides) arelistedin the
far right column. 21 of 24 sequences
(88%) had N region nucleotides in at
least one of the twojunctions.
ADULT TSYKI78 RNA
V5 PV H Pd D01 .1 Pd V P ] J0 #deleted
VP8 .1 GCC AGC AGT GAT G CA CC GGGACAGGGGGC GC
100-4N --- --- --- --- - T GGGGGC G OTTO 1 .4 4
100-4AH --- --- --- --- - AG AGG 2 .2 2
V58 .2 GCC AGC GGT GAT G CA
100-4A --- --- --- --- A AGGGG A 1 .3 2
100-4D --- --- --- (-) GGACAG AAA 2 .6 2
100-4AL --- --- --- -- CC GGG 1.2 0
100-4AC --- --- -- GGGACAGGG TG 2 .5 4
100-4AE --- --- --- CC GGGACA AGCGGG 1 .2 4
100-4AF --- --- --- -- CAA GGGA A 1 .1 0
100-4AG --- --- --- - GC ACAGGG(G) 1.1 0
V08 .3 GCC AGC AGT GAT G CA
100-4B --- --- -- GGC GACAGG TC 1 .1 0
100-4C --- --- --- CTCT GGGA(C) "" 2 .6 3-4
100-4F --- --- --- --- AAGGC ACA CCC 2 .1 3
100-4H- --- --- --- --- - -- TT GGGGC" 2 .1 8
100-4L --- --- --- - GGGACAGGGGGC TCTT 2 .1 6
100-4M --- --- --- -- COG GGGGGC AGO 1 .2 4
100-4AD --- --- --- --- - - C GGACA A 1 .4 2
VP 6 GCC AGC AGT ? .
100-4J --- --- -- A GGGACA AT 2 .6 3
Pd D02 .1 Pd
V08 .2 GCC AGC GGT GAT G CA CC GGGACTGGGGGGGC GC
100-4E --- --- --- -- GGACTGG C CT 2 .3 0
100-41 --- --- --- --- - (-) TGGGGGGGC G(C) 2.5 3-4
100-4AB --- --- -(-) GGACTGGGGG 2 .4 0
V08 .3 GCC AGC AGT GAT G CA
100-4K --- --- --- -- GGGACTGGGG CG 2 .3 5
100-4AK CCCC GACTGGGGGGGC 2 .1 3
100-4A1 CG CC GGGACTG C 2.1 6
100-4AJ GOA ACTGG(G) 2 .2 0could not have been accounted for by any of the germline
gene segments. This is a minimal estimate of N region nucleo-
tides, since it is possible that a nucleotide could be added
by VT that would coincidently be identical to a germline
encoded nucleotide. Any junctional nucleotides that could
be encoded by P regions (11) were counted as such.
Reduction in N Region Use in cDNA-derivedjunctional Se-
quences from Fetal and Newborn Thymocytes. RNA from
Tymocytes derived from mice at varying stages of ontogeny
was converted into cDNA with a Chi primer. The cDNA
was then amplified by PCR with a V0 and a Co primer,
and the amplified DNA was cloned and sequenced. Fig. 1
shows the sequences derived from thymocytes of 5-wk-old
mice, where 88% of the sequences contained N regions (N
region-containing sequences are hereafter referred to as N+).
Likewise, 82%D of the sequences from splenocytes from
5-wk-old mice were N+ (data not shown). In Fig. 2, the
sequences derived from day 18 fetal Tymocytes are displayed,
and 16% of those have N regions. 10% ofthe sequences from
day 19 fetal Tymocytes are N+ (Fig. 3). Fig. 4 shows repre-
sentative cDNAjunctional sequences from four separate litters
of mice <24 h old. 33%D of the 83 total sequences are N+ .
There was some litter-to-litter variation: the four samples
contained an average of 23, 33, 36, and 44% N' sequences.
76%D of the sequences derived from Tymocytes of 4-d-old
mice contained N regions (Fig. 5) . All of the results are sum-
marized in Fig. 6. Analysis of only the sequences that had
N regions showed a trend towards increasing the number
of N nucleotides per N+ sequence with time.
Reduction in N Region Use in Genomic DNA-derivedjunc-
tional Sequencesfrom Newborn Thymocytes.
￿
Amplification of
117 Feeney
Figure 2.
￿
Sequences of VADOJQ
junctional regions from RNA from day
18 fetal thymocytes. Sequences are dis-
played as described in the legend to Fig.
1. 5 of 31 sequences (16%) had N re-
gion nucleotides in at least one of the
two junctions.
genomic DNA ensures that each cell is equally represented
in the analysis, whereas analysis of RNA is subject to the
possibility ofcell-to-cell variation in the amount of mRNA
(25). To address this issue of whether the analysis of RNA
was representative of the cellular population in the thymus,
we also analyzed sequences derived from genomicDNA. These
sequences were amplified with a 3'PCR primer complemen-
tary to the frequently used 102 .6 segment (see Fig. 9). The
decision to sample only that fraction of rearranged genomic
sequences using J02.6 was necessitated by the lack of a con-
sensus Ja sequence, and by the long intron between JO and
C/3, which precludes use of a C,L3 3' primer. 12% of the se-
quences derived from fetal day 18 DNA had N regions (Fig.
7). Two preparations ofnewborn genomic thymus DNA were
made, and, as with the newborn RNA samples, variation
between samples was observed. One sample (PCR 161-2,
163-2, and 165-3) contained 13% N regions, and the other
(PCR 135-1 and 140-2) contained 29%D N regions. Since this
time point is the stage at which N regions begin to be seen,
some sample-to-sample variation might be expected at this
time. Overall, 22% of the newborn sequences contained N
regions (Fig. 8) .
Genomic DNA contains both productive and nonproduc-
tive alleles, and both are amplified. 28% of the sequences
derived from genomic DNA were out-of-frame, whereas only
4%D ofthe sequences from RNA were out-of-frame. The per-
centage of N regions was lower in the out-of-frame than in
the in-frame rearrangements. Comparison of only in-frame
rearrangements reveals that the percentage of N regions is
very similar in both RNA and DNA. Thus, on the level of
the expressed allele, there does not appear to be any skewing
DAY 18 YRTAL TS:TMS R1Al
VP PV A Pd D01 .1 Pd 6 P J JS /delatad
VAS . 1 GCC AGC ACT GAT G CA CC GGGACAGGGGGC GC
126-1AA --- --- --- --- (-1 ACAGG(G) 1 .2 0
126-1AC --- --- - A GACA 1 .2 1
126-IAE --- --- --- -- GGAC(A) 1 .1 2-3
126-1CC --- --- -(-) G(A)+" 2,3 0-1
126-1CH --- --- -- GGGACAGGGG 2.6 4
VS8 .2 GCC AGC GGT GAT G CA
126-1F --- --- --- --- - - CA 1 .2 0
126-1H --- --- --- --- - - C(AG) 2 .3 0-2
126-1L --- --- --- -- GGAC(AG) 2.6 0
126-1AB ___ ___ ___ ___ _ (__) GGG TT 2.5 2
126-1BA --- --- --- - GGGACAGGGGGC (G) 2.4 1-2
126-1BE --- --- --- --- (-) GACAGGGGG(C) 1.1 0-1
126-1BF --- --- --- --- - (-) C GGGACA 2.4 3
VS8 .3 GCC ACC ACT GAT G CA
126-1AD --- --- --- -(-) CA 1.2 0
126-1AH --- --- --- - GG(GA)*' 2.3 6-B
126-1AI --- --- --- --- - (-) GGACAGGGG(GC) 2.1 7-9
126-18B --- --- --- --- {-y GGGG(C) -- 2.5 2-3
126-1BI --- --- --- --- (-) GGG" 2.6 4
126-1CF -__ ___ _-_ ___ _ (__) GGG(G) 2.3 6-7
126-1CG --- --- --- (--) C(A) 1.1 2-3
126-ICI ___ -__ ___ ___ (-) (AC) 2.6 14-16
Pd Dp2 .1 Pd
VP8 .2 GCC AGC GGT GAT G CA CC GGGACTGGGGGGGC GC
126-1C --- --- --- (-) GGACT 2.6 4
126-1G --- --- --- --- - (-) GGGACAGGGGGG 2.5 5
126-1AL --- --- --- --- - - GGACTGGGGG
z. 7 126-IAF --- --- --- --- A GGGGGGC c 6
126-IBD --- --- --- --- - (-) TGGGGGGG(C) T 2.3 0
126-IBG __- -__ ___ -- G T 2 .3
126-1BH --- --- --- CCT CC GGGACTGGGGG(G) D-2
126-ICE --- --- (--) ACTGGGGGGG(C) 2. 5 3-4
VA8 .3 GCC AGC ACT GAT G CA
126.11 ACTGG 2 .3 0
126-1AK ACA ACTGGGGGGG(C) 2 .1 3-4
136-3A ACTGGGG 2.4 5Vp
VPB .1
￿
GCC AGC ACT GAT G
141-1CE
￿
--- --- --
141-1CF
￿
--- --- --- (-)
141-1CB
￿
--- --- (-)
VPB .2
￿
GCC AGC GGT GAT G
136-1A
￿
--- --- --- --- -
141-1C
141-1F
141-11
141-1CM
141-1CO
141-1CC --- --- --- --- -
V08 .3
￿
GCC AGC ACT GAT G
141-1Q
￿
--- --- --- (-)
141-1P
￿
__- ___ _- (_)
141-1G
￿
--- --- --- --- (-)
141-IBC --- --- --- (-)
141-IBD --- --- -(-)
V07
￿
GCT AGC ACT TTA
191-1N
￿
--- --- --- --
VS5 .1
￿
GCC AGC TCT CTC
159-28
￿
--- --- --- (-)
Va5 .2
￿
GCC AGC TCT CTC
159-IA
￿
--- --- --- ---
159-2A
￿
--- --- --
159-2C
￿
-__ ___ __
VAS . 1
￿
GCC AGC ACT GAT G
141-1M
￿
--- --- --- --- -
141-1BA
￿
--- --- 1-)
141-1CN
￿
--- --- -.-- (--)
VAS . 2
￿
GCC AGC GGT GAT G
141-1BF
￿
_-_ ___ -__ --_ _
141-1CB
￿
--- --- --- --- -
VP8 .3
￿
GCC AGC ACT GAT G
141-1A
￿
--- --- --- --- l-)
141-1B
￿
--- --- -(-)
141-1BE
￿
--- --- --- --- (-)
141-1CD
￿
___ _-_ _-_ (-_)
VP5 .1
￿
GCC AGC TCT CTC
159-IF
￿
-__ ___ __- (__)
159-2F
￿
___ ___ __- __ (_)
of the analysis by amplifying RNA vs. DNA. Both data sets
lead to the conclusion that the percentage of N+ sequences
in fetal and newborn TCRci/(3 is greatly reduced as com-
pared with adult TCR-ci/(3.
Nonrandom Dandj Usage
￿
Thenumber of sequences that
use each of the J(3 segments in association with either of the
D segments is shownin Fig. 9. Only sequences derived from
Co-primed cDNA were used, since all of the sequences de-
rived from DNA were generated using a J02.6 primer. Since
the genomic organization of the D/Jregion is DO1, J01.1-6,
D(32, J02.1-6, the J01 segments can only use DOI, whereas
the J02 segments can join to either D segment (26) . There
are approximately equal frequencies of D01JO1, DO1 JO2,
and D02JO2 rearrangements, resulting in the use of D(31
twice as often as D02 . Also, all three D region reading frames
are used to a similar extent . These data, obtained from >200
unselected junctional sequences, confirm and expand previous
analyses of T cell clones and hybridomas (20, 27, 28). There
is significant nonrandomusage ofJO segments. It is striking
that the pattern of usage of the six J02 segments is the same
regardless of the D(3 segment used, as discussed below .
Discussion
The results presented here show that TCR (3 chains have
a lowfrequency of N regions early in ontogeny. It has previ-
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Figure 3.
￿
Sequences of V0Dj6-J14
junctional regionsfrom RNA from day
19 fetal thymocytes. Sequences are dis-
played as described in the legend to Fig.
1. In two cases, indicated at the N re-
gion (+), if the putative N region
nucleotide that is not in bold type is
a PCRerror, then the whole Nregion
could be germline. However, all such
nucleotides are considered as true Nre-
gion nucleotides in all calculations. 3
(including the twojust mentioned) of
31 sequences (10%) had N region
nucleotides in at least one of the two
junctions.
ously been shown that <5%Q of TCR'y/Sfrom fetal and new-
born mice have N regions, and we have recently shown that
IgHjunctions from newborn liver and spleen DNA are es-
sentially devoid of N regions (10-13). Thus, the paucity of
N regions early in ontogeny is a general phenomenon in all
lymphocytes. The level of VT the enzyme thought to add
N region nucleotides, is very low in fetal and newborn thymus,
and does not reach adult levels until 1 wk after birth (14,
15). VT is also not observed in fetal liver, the site of fetal
B cell lymphopoiesis (15) . Thus, the late appearance of TdT
is the most likely explanation for the low frequency of N
regions in fetal/neonatal TCR and Ig .
The percentage of N regions observed in TCR /3 chains
from newborn mice is much higher than in TCR--y/S and
IgH from newborn mice. By postnatal day 4, the percentage
of N regions in TCR (3 chains is almost at the adult level.
In contrast, only 29%Q of IgHjunctional sequences from day
9 postnatal mice contain N regions (A J . Feeney, unpublished
results) . There are two alternative explanations for the ear-
lier appearance of N region nucleotides in ci//3 Tcells as com-
pared with y/S T cells and Ig . The first is that VT could
be differentially regulated in y/S T cells, a/g T cells, and
B cells. The second explanation is that the intrinsic rate of
N region addition could be equally low in all lymphocytes.
However, a/O T cells undergo both positive selection for
reactivity with self-MHC, as well as negative selection (toler-
DAY 19 rZTAL TSYKDS ANA
PV V Pd D01 .1 Pd N P 'f JA #deleted
CA CC GGGACAGGGGGC GC
GGGACAGGG T 2 .3 0
GGA(CA) 1 .2 0-2
GGACA 2 .1 1
CA
- GGACAGGG(G) 1 .1 0
CAG AG 2 .6 0
CTCC CAGG 2 .6 6
2 .6 6
1 .2 1
CAGG 1 .2 2
(-) A (G) 1 .2 0
CA
GACAGGG 1 .3 3
1 .5 0-1
GACAGG ACT + 2 .4 10
GACAGG(G) 2 .3 1-2
GG(G) 2 .3 1-2
TA
GGCG + CAGGGG(GC) 2 .3 3-5
GA
GGGACA 2 .4 4
GA
(-) GACAGGGG(GC) 2 .1 1-3
AC 1 .1 0
GGGGG* " 2 .4 1
Pd D02 .1 Pd
CA CC GGGACTGGGGGGGC GC
-l-) ACTGGGGGGGC (G) 2 .3 1-2
CTGGGGGG(GC) 2 .3 3-5
CTGGGGGG(GC) 2 .1 7-9
CA
_ GAC(TG) 2 .1 6-8
- GACTGGGGGG(GC) 2 .5 3-4
CA
GGACTGGG 2 .1 3
GACTGGGGG 2 .1 3
GACT 2 .5 2
CTGGGGGGGC (G) 2 .5 6-7
GA
GGGGG CT 2.3 0
TGGGGGG CT 2.4 0VS
VA8 .1
￿
GCC AGC AGT GAT G
100-2AA
￿
--- --- --- --
100-2AE
￿
___ ___ ___ ___ _
111-18
￿
_-_ ___ ___ (__)
111-1Q
￿
___ ___ ___ ___ (_)
111-IAE
￿
--- --- --- --- -
120-1C
￿
___ ___ _-_ ___
120-2K
￿
___ ___ ___ ---
VP8 .2
￿
GCC AGC GGT GAT G
100-2F
￿
--- --- --- --
100-2AC
￿
-__ -__ __- _-_ -
111-1A
￿
--- --- --- --- -
120-1L
￿
--- --- --- -
120-1S
￿
--- --- --- (--)
120-2J
￿
--- --- -(-)
120-2CF
￿
--- --- --
120-2CM
￿
_-_ ___ ___ -__ _
VS8 .3
￿
GCC AGC AGT GAT G
100-2E
￿
_-_ ___ ___ __
100-2AG
￿
--- --- --- ---(-)
111-1J
￿
___ ___ ___ ___ _
111-1L
￿
--- --- --- --- -
120-1H "
￿
___ ___ -__ _-_ _
120-1R
￿
--- --- ---
120-1G
￿
___ ___ ___ ___ -
120-2CA
￿
___ _-_ ___ ___ (_)
120-2CK
￿
--- --- --
120-2CN
￿
___ _-_ __- __-
120-2C0
￿
--- --- --- --
v07
￿
GCT AGC AGT TTA TA
111-1M
111-1F
111-1AH
120-1K
120-2S
120-2CJ
111-1H
v07
vas .1
￿
GCC AGC AGT GAT G
100-2H
￿
--- --- --- --- -
111-1AG
￿
--- --- --- --- (-)
VSB .2
￿
GCC AGC GGT GAT G
100-2AH
￿
--- --- --- (--)
111-1C
￿
--- --- --- ---
111-1I
￿
--- --- --- --- -
120-1A
￿
--- --- --- --- -
120-2C
￿
___ _-_ -__ (_-)
121-2CL
￿
--- --- --- --- -
V08 .3
￿
GCC AGC AGT CAT G
100-2N
￿
-__ __- _-_ -_
100-2AT
￿
--- (-)
111-1K
￿
--- --- --- (--)
111-1N
￿
--- --- --- (-)
111-1AA" --- --- ---
120-1J
￿
-__ ___ ___ (__)
120-2R
￿
___ ___ _-_ (__)
vP6
￿
GCC AGC AGT ? .
GCT AGC AGT TTA TA
111-lE
￿
--- --- -
111-1G
￿
--- --- --- --
111-1AI
￿
--- --- ---
ance) in the thymus (29, 30). Thediversity afforded to TCR
by Nregions is likely to be important in generating the range
of receptor affinities able to successfully undergo positive and
negative selection, and emerge as mature T cells. Thus, if
the lack of N regions restricts the ability of many TCRs to
have sufficient affinity to interact with self-MHC (plus pep-
tide) for positive selection, then the selection process could
skew the percentage of MR-a/0 with N regions from the
rate with which they were initially generated. In support of
this latter hypothesis is the fact that there are fewer Nregions
in the nonproductive (8%D N+) than the productive (28%
N+) rearrangements in the sequences derived from new-
born DNA.
TCRs have significantly less diversity generated by com-
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binatorial usage of germline gene elements than do Igs, since
there are fewer germline gene segments. However, this is com-
pensated for by extensive diversity in CDR3-equivalent
regions. This difference in the generation of diversity of T
and B cell repertoires may have been selected for on the basis
of the different ways in which T and B cells interact with
antigen. Igs bind to antigens directly, and all IgH CDRs
can be involved in antigen binding (31, 32). In contrast, a/o
T cells are known to respond to antigenic peptides that are
thought to be presented in the groove of class I or class II
MHC (33, 34) . On the basis of sequence comparisons be-
tween TCRs and Igs, it has been proposed that the CDR3
regions of the ca and /3 chains of the TCR bind to the pep-
tide, while the other CDRs bind to MHC (3,16) . This model
NBAHORN THYMUS RNA
PV N Pd DA1 .1 Pd N P I JP #deleted
CA CC GGGACAGGGGGC GC
G GGGACAGGGGG A 1 .3 4
_ AC(A) 1.3 0
CAGG(G) 1 .2 0
ACAGGGG 1 .6 9
A GGAC(AG) 2.6 0
AG C 2.1 1
AAC(A) C(A) 1 .2 2-3
CA
CC GGGACAGGG 1 .6 5
(__) (G ) 1.2 0
GACAGGG 1 .3 9
CAGGGGGC (G) 2 .6 7-8
CAGG 2.6 4
GGAC(A) 1 .2 2-3
CAGGGGGC 2 .6 5
(_) GGGACIA) 2 .1 2-3
CA
AT CA 1 .6 4
GGACAGGGG 2 .4 7
(-) 1 .1 4
GGGACAGGG CA 2 .1 10
_ G(A)'- 1 .5 1-2
ACAGGG 2 .6 4
_ GGC' " TCT 2 .1 0
AC(A) 2 .5 0-1
CCCTC GACAGG(G) 2 .4
ACAGGG 2 .3 0
CGT CAGGGG AGG 1 .4 7
GGGACAGG 2 .4 4
CA 1 .2 0
C CC GGGACAGGGG 2 .6 5
GGACA A 2 .6 3
ACAGG(G) 2 .4 1-2
1 .2 0
Pd D02 .1 Pd
CA CC GGGACTGGGGGGGC GC
-- GGACTGGGGG 2 .1 8
ACTGGGGGG T 2.1 0
CA
CTGGGGGG C 2 .4 2
ACTGGGG 2.4 7
CC GGGACTGGG(G) 2.5 6-7
-- CC GGGACTGGGGGGG A 2.1 8
(CT) 2.6 3-5
-
CA
CTGGGGGGGC AGG 2.4 6
Figure 4. Representative sequences
C GA"' 2.3 1 of VO-DO JO junctional regions from
CTGGGG(G) 2.4 1-2 RNAfrom four separate litters of mice
CTGGGGG
GGACTGGGGGG(GC)
2.6
2 .1
4
7-9
(PCR nos. 100-2, 111-1,120-1, and 120-
ACTGGGGGGGC G AGA 2.3 2 2) that were <24 h old. All of the se-
CTGG 2.6 4
quences areused for the calculations in CTGGG TT 2 .5 0
the summary figure, Fig. 6. Sequences
GACTGGGGGGG T 2 .3 0 are displayed as described in the legend
to Fig. 1. 27 of 83 sequences (33%) had
C
C GGGACTGGGG 2 .2 2
Nregion nucleotides in at least one of ACTG(G)
CTGGG
2 .3
2 .6
1-2
4 the two junctions.Fetal d.18
Fetal d. 19
Newborn
d.4
5weeks
VO
V58 .1
￿
GCC AGC ACT GAT
121-1B
￿
--- --- --- (--)
121-3J
￿
--- --
121-3BK --- --- --- --
121-38C
￿
--- --- ---
121-3BF
￿
--- --- --- ---
VR8 .2
￿
GCC AGC GGT GAT
121-1C
￿
--- --- -
121-1E "
121-3H
121-1BK
121-30E
VP8 .3
￿
GCC AGC ACT GAT
121-1J
￿
--- --- --- ---
121-1K
￿
--- --- --- ---
121-3E
￿
--- --- ---
121-3K
￿
--- --- --- -
121-18L
￿
--- --- --- ---
121-1 BV
￿
--- ---
121-30A
￿
--- --- -(-)
V08 .1
￿
GCC AGC ACT GAT
121-3L-
￿
--- --- --- (-)
V08 .2
￿
GCC AGC GGT GAT
121-2L
￿
--- --- --- ---
121-30M
￿
--- --- --- ---
121-30D
￿
--- --- --- ---
VA8 .3
￿
GCC AGC ACT GAT
121-21
￿
--- --- --- --
121-3BB --- --- --- (-)
121-3BH
￿
--- ---
V07
￿
GCT AGC AGT TTA
121-1BN
￿
--- --- --- -
is supported by extensive sequence analysis of many
anti-cytochrome c TCRs (35-37). Therefore, the paucity of
N regions that we have observed in fetal/newborn a/0 T
cells as well as in fetal/newborn Ig (12) would limit the effective
diversity of the fetal T cell repertoire even more drastically
than the fetal B cell repertoire. However, the fetalTCR-a/0
repertoire will still be sizeable, due to combinatorial diver-
sity from the use of many V D, and J segments, use of all
three D region reading frames, and deletion of varying numbers
of nucleotides from the coding regions.
The reduction in N region in fetaland newborn TCR was
true not only for V08 sequences, but for the limited number
of V(05 and V(07 sequences that we generated. Since together
these six V(3 genes account for >50% of the V(3 transcripts
20 40 60 80 100
Percent sequences with N regions
sequences
31
31
83
25
24
Figure 6.
￿
Percent N region usage in sequences derived from thymic RNA
from mice of varying ages. The total number of sequences analyzed for
each time point is shown on the right.
120
Figure 5 .
￿
Sequences of VOW-JO
junctional regions from RNA from
thymocytes of4-d-oldmice. Sequences
are displayed as described in the legend
to Fig. 1. In one case, indicated at the
N region (+), ifthe putative N region
nucleotide that is not in bold type is
a PCR error, then the whole N region
could be germline. 19 of 25 sequences
(76%) had N region nucleotides in at
least one of the two junctions.
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in the thymus (24), and since TdT levels are low at this time
in ontogeny, it is likely that this phenomenon will hold true
for other TCRa/(3 as well. It is unlikely that the minor
thymocyte subpopulation of CD4-CD8- x1(3+ cells (which
are greatly enriched in V08.2 expression) has skewed our anal-
ysis since these cells ariselate in ontogeny, and therefore would
be absent from our fetal and newborn thymocyte samples
(38-40) .
In addition to the absence of N regions in fetal y/6 T cells,
it has been suggested that there was less "exonucleolytic nib-
bling" of coding regions in junctional sequences from fetal
y/S T cells than in adult y/S T cells (11) . The sequences
shown here show a slightly increasing number of nucleo-
tides deleted from V08 with age; however, this difference
was not significant (p = 0.135). Further data should clarify
the significance of this trend.
Other parameters that could affect the size and composi-
tion of the neonatal and adult TCR-a/(3 repertoire were also
analyzed. There was wide variation in the frequency of use
of the 12 J(3 segments, and this pattern was consistent
throughout ontogeny. Strikingly, although the six J02 seg-
ments were used with very different frequencies, the pattern
of usage was the same regardless of whether Dot or D02
was used, as shown in Fig. 9. These observations strongly
suggest that each J(3 segment itself controls the frequency
with which it is used, and rejects any hypothesis based on
relative proximity of D(3 andJ(3 segments. It has been shown
that the frequency with which recombination occurs in a trans-
fected recombination substrate is related to the exact sequence
of the heptamer or nonamer of the RSS (41). The pattern
ofJ(3 usage observed here is most easily explained by proposing
that the RSS (or other closely flanking sequences) 5' of each
DAY 4 POSTNATAL TRYritJS RNA
PV N Pd 001 .1 Pd It P j Jp "deleted
G CA CC GGGACAGGGGGC GC
CAGGG 1 .2 3
AG 1 .6 5
A GGGACA T 1.1 0
C AC(A) 1.2 2-3
- -- ACAGG 2.1 6
G CA
CCTC GGACA A 1.1 1
TCC CA A 1 .5 1
A AGGGGG AAAGG 2.4 5
CC CC GGGACA A AG 2.6 0
CG CAGGGG 1.2 4
G CA
- A GGA 1 .4 1
(-) GACAGG(G) 2 .6 0
T GGGAC(A) 2 .5 0-1
CG CAGG(G) 1.1 8-9
A AGGG 2 .1 0
T GGACA (G) 1 .1 0
GACAGGGG AG 2 .3 3
Pd D02 .1 Pd
G CA CC GGGACTGGGGGGGC GC
GACTGGGGGG A G 2 .4 8
G CA CC GGGACTGGGGGGGC GC
ACA CC GGGACTGGGGGGG A 2 .1 8
- - T GACT TT AG 2 .6 0
(-) (C) TGGGGGG AC 2 .3 2
G CA
GGGGGGGC GC 2 .6 7
GGACTGGG(G) 2 .3 3-4
GGGGGGC CCGG 2 .4 8
TA
C T CTGGGGGGGC GC ATC 2 .1 4121 Feeney
IMKHOAN THYMUS DNA
Vß Pv N Pd Dß1 .1 Pd N P j Jß tdalatad
Vß8 .1 GCC AGC AGT GAT G CA CC GGGACAGGGGGC GC
135-1D --- --- - AC ACAGGGGGC C 2 .6 5
135-IAA ___ _-_ __- _(__ _) 2 .6 5-8
135-IBF --- --- - T T ACA 2.6 4
135-1BP --- --_ -__ (_) GAC 2 .6 2
140-2L -__ _-_ __- ___ (_) GA** 2 .6 1
161-2A' --- --- --- AGGG(GC) 2 .6 0-1
161-2E -__ ___ ___ (_) GGACA 2 .6 ' 4
161-2AA --- --- --- -- GACAGGGG(GC) 2 .6 0-1
Vß8 .2 WC AGC GGT GAT G CA
135-1F ___ ___ ___ _-_ (_) GG** 2 .6 4
135-IDJ ___ ___ __- _-_ _ AGAA GACA 2 .6 4
135-1DT --- --- --- (-) GACAG 2 .6 4
135-1D0 --- --- -- C GGGAC" 2 .6 0
140-2H ___ ___ -__ (-) GACAG(G) 2 .6 7-8
161-2B ___ __- -__ _-_ (_) AC (AG) 2 .6 0
161-2K --- --- --- --- CCA GACA 2 .6 2
161-2AE- ___ ___ -__ ___ _ 2 .6 6
161-2AF ___ ___ ___ ___ _ (_) 2 .6 2-3
Vß5 .1 GCC AGC TCT CTC GA
165-3B --- --- --- - ACA C 2 .6 0
165-3C- ___ ___ ___ __(_) (_) GG'* 2 .6 6
165-3I --- --- --- (-) C GGGACA 2 .6 0
Vß5 .2 GCC AGC TCT CTC GA
165-3A --- --- --- (-) C GGGACAGGG 2 .6 6
Pd Dß2 .1 Pd
Vß8 .1 GCC AGC AGT GAT G CA CC GGGACTGGGGGGGC GC
135-1AD* --- --- --- --- - - AC1'000GGGGC (G) 2 .6 7-8
140-2B* --- --- --- (-) GGGGG 2 .6 6
140-2D --- --- --- (-) GACTGGGG TT 2 .6 0
140-2F --- --- --- T GGGACAGGGGGG 2 .6 5
140-2J _-_ ___ ___ -- GGGGGG(C) 2 .6 2-3
140-2K* --- -(-) ACTGGGGG A 2 .6 2
Vß8 .2 GCC AGC GGT GAT G CA
135-1G* --- --- --- --- (-) ACTGGGGG 2 .6 6
135-1AF* --- -- (-) (--) GACTGGGGGGGC 2 .6 9
140-2C* --- --- --- --- - - GGACTGGGGGG 2 .6 4
140-21* --- --- --- --- (-) GACTGGGGGGG 2 .6 6
161-2D --- --- --- -- GGACTGGGG 2 .6 3 Figure 8. Sequences of V(3Dß-Jß
161-2F* --- --- --- (-) GACTGGGG 2 .6
2 .6
4
4 junctional regions from DNA from
161-2H
Vß8 .3
--- --- --- ---
GCC AGC AGT GAT G CA
TGGGGGGGC
thymocytes ofnewborn mice <24 h old.
135-1AG --- --- --- (--) CTGGGG 2 .6 6 Sequences are displayed as described in
Vß5 .1 GCC AGC TCT CTC GA the legend to Fig. 1. 8 of37 sequences
163-2C* --- --- --- (--) GGGGGGG 2 .6 6
(22%) had N region nucleotides in at Vß5 .2 GCC AGC TCT CTC GA
least of the 165-3E --- --- --- (--) GGGGGGGC (G) 2 .6 0 one two junctions.
DAY 18 F&TAL THYMUS DNA
Vß Pv N Pd Dß1 .1 Pd N P j Jß fdalatad
Vß8 .1 GCC AGC AGT GAT G CA CC GGGACAGGGGGC GC
140-1K --- --- -- GGGACAGGGGGC G 2.6 4
140-1BG* --- --- --- (--) CAGGG 2 .6 4
154-1F --- --- (--) CA 2 .6 5
Vß8 .2 GCC AGC GGT GAT G CA
140-1G --- --- --- (--) CA 2 .6 2
140-1AC --- --- -- C CC GG** 2 .6 5
140-1AL* --- --- -- GGACAGGGGG 2 .6 6
140-1BM ___ __- ___ _(_) GG** 2 .6 2
154-1L _-_ __- ___ ___ 2 .6 4
154-2J _-_ __- ___ ___ (_) AC(AG) 2 .6 0
Vß8 .3 GCC AGC AGT GAT G CA
154-11 _-- ___ -__ __ 2 .6 3
154-2C --- --- --- (-) GGGGC** (G) 2 .6 7
Pd Dß2 .1 Pd
Vß8 .1 GCC AGC AGT GAT G CA CC GGGACTGGGGGGGC GC
140-IB --- --- -(-) ACT 2 .6 3
140-1N --- --- --- --- - (-) TGGGGGG 2 .6 4
140-1BK --- --- --- -- GGGGGG 2.6 6
154-1C --- --- --- (--) CTGG 2.6 1
154-2D --- --- --- ACTGGG 2 .6 4
Vß8 .2 GCC AGC GGT GAT G CA
2.6 3-5 Figure 7. Sequences of VO-DOJß 140-1A*
140-1D*
--- --- --- --- -
--- --- --- --- -
--
-
GGA(CT)
GGACTGGG 2.6 3 junctional regions from DNA from day
140-1AF --- --- --- --- (-) GGACTGGGGG 2.6 6 18 fetal thymocytes. Sequences are dis-
140-IBD
154-2K
--- --- --- ---
--- --- --- -- ACCGA
ACTGG
GGACTGGG AG
2.6 6
2.6 0 playedas described in the legend to Fig.
Vß8 .3 GCC AGC AGT GAT G CA 1. 3 of 24 sequences (12%) had N re-
140-1M* --- --- --- (--) C (TG) 2.6 6-8 gion nucleotides in at least one of the
154-1A
154-1H
__- ___ ___ -__ _
__- ___ ___ ___ (_)
__ C ACTG
A (CT)
2 .6 6
2 .6 0-2 two junctions.J(3 segment controls the rate with which each J(3 is used .
Significant variation in usagefor the four IgJh segments and
for the Ig-Dh segments has also been observed (12, 13, 42) .
Interestingly, the sequence of the heptamer of the RSS of
both J02.2 and IgJh1, GACTGTG, is not used by any other
IgJh or J/3 segment (22, 43), and these two is are the least
frequently used J segments of IgH andTCR0 . These data
areconsistent with the hypothesis, proposed for IgVh genes
(41), that thefrequencywith which all V, D, andJsegments
of all lymphocyte receptors are used may be controlled by
their flanking RSS .
T cells andB cells use the same recombinational enzymes
to somatically recombine their receptors (44) . In addition,
both lineages presumably use TdT to add N region nucleo-
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Figure 9. (A) Distribution ofJ01 use
among all the sequences derived from
CO-primed cDNA in this study. (B)
Distribution of J02 useamong all the
sequences derived from CS-primed
cDNA in this study. Sequences using
DOI are indicated by the solidbars, and
sequences usingD92 are indicatedwith
the stripedbars . There are eight J02 se-
quences that either lackedD segments
orwhoseDregionscould not bedefini-
tively assigned to DOI or D#2 . Those
sequences are marked with asterisks in
Figs. 1-4 and are indicated here with
the stippled bars.
tides, andprobably usethe same exonuclease to delete nucleo-
tides from the coding region . This study shows that N re-
gion addition is a developmentally regulated step in the
generation of diversity of alllymphocytes . The result of this
is that the immunological repertoire of T and B cells early
in ontogeny is more restricted than, and differs from, the
adult repertoire. Theimpact ofthis paucity ofN region nucleo-
tides will be more pronounced for cilo T cells than for B
cells because T cells depend uponjunctional diversity much
more than combinatorial diversity to generate a large reper-
toire, andbecauseNregions are in the CDR3-equivalent re-
gion of theTCRthat is proposed to recognize antigenic pep-
tides (3, 16).
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